While much attention has been focussed on the successes of perturbative QCD in describing the Q 2 -dependence of deep-inelastic structure functions, the starting distributions themselves contain important, non-perturbative information on the structure of the nucleon, which has been somewhat neglected. We review some of the most important, recent discoveries resulting from studies of deep-inelastic scattering. There are important connections between these discoveries and low energy properties of the nucleon and wherever possible we shall make these clear. In particular, we shall see that well known features of QCD, such as dynamical symmetry breaking, are reflected in the properties of the measured parton distributions.
Introduction
There have recently been some very promising advances in lattice QCD as a result of the development of improved actions 1 . In addition, we have a wealth of sophisticated models of hadron structure built on our knowledge of QCD, especially its symmetries. While lattice QCD cannot yet compete with such models in certain critical areas of hadron structure, such as dynamical symmetry breaking, all theoretical approaches can benefit from precise experimental insights into the problem. Apart from the usual low energy properties, such as masses, charge radii and magnetic moments, there is a wealth of information available from deep-inelastic scattering which is just beginning to be taken seriously as a source of information on non-perturbative physics 2 . We shall review the latest experimental information on the light-quark sea of the nucleon, which shows a dramatic deviation from the naive expectations of perturbative QCD. From this starting point it is natural to ask about the strange and even the charm components of the sea of the nucleon. These components will be the focus of considerable investigation in the near future. From the sea we turn to the behaviour of the valence quark distributions and particularly the behaviour of the distributions at large-x. Here too there are a number of surprises from the most recent analysis of the experimental data and, in the case of spin-dependent distributions, some interesting ideas to be tested.
SU(2) F Violation
The fundamental degrees of freedom in QCD are quarks and gluons, and for a considerable time there was great reluctance to include any other degrees of freedom in modeling hadron structure. On the other hand, extensive studies of non-perturbative QCD have shown that the chiral symmetry of the QCD Lagrangian is dynamically broken and that the resulting, massive constituent quarks must be coupled to pions. As pseudo-Goldstone bosons, the latter would be massless in the chiral limit. Most importantly, as emphasised by extensive work on chiral perturbation theory, no perturbative treatment ofcreation and annihilation can ever generate the non-analytic behaviour in the light quark mass for physical quantities (such as M, < r 2 >, σ πN ) which are generated by these Goldstone bosons. As a consequence, it is now difficult to imagine a realistic quark model which does not incorporate at least the pion cloud of the nucleon. The development of chiral quark models began in the late 1970's 5, 6, 7, 8 and it became clear that the pion field had very important practical consequences for the low energy properties of hadrons. For example, the coupling to a "bare" nucleon lowers its mass by several hundred MeV, and can contribute a large part of the N − ∆ mass difference, while the charge form factor of the neutron is a first order effect of its pion cloud 8 . However, the relevance of the pion cloud for deep inelastic scattering, which had been first realized by Sullivan 9 , was not explored in depth until the discovery of the nuclear EMC effect, when it was suggested that the effect might be caused by a nuclear enhancement of the pion field of the bound nucleons 10, 11 . At this time it was realized that the light mass of the pion would lead to an enhancement of the non-strange over the strange sea of the nucleon 12 , and this was used to put a constraint on the pion-nucleon form factor -a limit that has since been explored in detail 13 . A more important consequence of the nucleon's pion cloud, which was also pointed out in Ref.
12 , was an excess of d overū quarks. In particular, simple Clebsch-Gordan coefficients for isospin show that the pion cloud of the proton is in the ratio 2:1 for π + : π 0 . Since the π + contains only a valenced and the π 0 equal amounts ofd andū, this component of the pion cloud of the nucleon yields a ratio ford :ū of 5:1.
On the other hand, perturbative QCD inevitably leads to the conclusion thatū =d, a result known as SU(2)-flavor, SU(2) F , symmetry. The latter is a very misleading name as there is no rigorous symmetry involved. Indeed, the prediction that the component of the sea arising from the long-range piece of the pion cloud of the nucleon satisfiesd :ū = 5:1 is totally consistent with charge independence. Thus the violation of the Gottfried sum rule and the subsequent measurement ofd−ū gives us direct evidence that there is a sizable non-perturbative component of the nucleon sea. Various studies of the pion cloud of the nucleon since the original NMC measurement 14 have concluded that this is indeed the most likely explanation of the observed violation of the sum rule 15, 16, 17, 18, 19 . In Fig.1 we show the calculated ratio ofd/ū from the πN Fock component of the nucleon wave function as a source of asymmetry, in comparison with the data points extracted from the preliminary results 3 from the E866 collaboration on the ratio of pD and pp Drell-Yan cross sections. The calculation was performed in the light-cone formalism 20,21 with a monopole πN N form factor mass parameter Λ = 0.7, 1.0 and 1.3 GeV -from smallest to largest. Clearly the agreement is qualitatively excellent, but a more detailed analysis needs to be carried out once all the data have been analysed. Let us emphasise once more the importance of these data, which are giving us direct insight into the way dynamical chiral symmetry breaking is realized in the nucleon.
Intrinsic strangeness and charm
The experience with the breaking of SU(2) F symmetry, which we have just described, leads us to take much more seriously the possibility of an intrinsic component of the strange and charm quark sea. The former was first discussed by Signal and Thomas 22 and has recently been investigated by a number of authors 23, 24 in the light of new neutrino data from CCFR 25 . The implication of a non-perturbatively generated component of the strange sea is a marked asymmetry between s ands, which will clearly be the subject of much more detailed investigation in future.
With regard to the question of intrinsic charm, there has been some suggestion that it may play a role in the anomalous events seen recently at HERA -see section 5 below. For example, Gunion and Vogt 26 examined a model of the 5-quark component of the nucleon wave function on the light-cone 27 . Following Brodsky et al. 27 , the wave function was assumed to be inversely proportional to the light-cone energy difference between the nucleon ground state and the 5-quark excited state. The resulting x-dependence of the inclusive c quark distribution in the minimal model of 26 was given by 27 :
with the normalization fixed to 1%. Such a distribution peaks at x ∼ 0.2, and is negligible beyond x ∼ 0.7. The anti-charm distribution is assumed to be equal to the charm distribution in this model, δ (IC) c(x) = δ (IC) c(x). As an alternative to the intrinsic charm picture of Refs. 26, 27 , in Refs.
28,29
the charmed sea was taken to arise from the quantum fluctuation of the nucleon to a virtual DΛ c configuration -by analogy with the successful description of the observedd −ū asymmetry in the light-quark sector. The nucleon charm radius 28 and the charm quark distribution 29 were both estimated in this framework. Whether the same philosophy can be justified for a cloud of heavy charmed mesons and baryons around the nucleon is rather more questionable given the large mass of the fluctuation. Nevertheless, to a first approximation, we may take the meson cloud framework as an indicator of the possible shape of the non-perturbative charm distribution. A natural prediction of this model are highly asymmetric c and c distributions.
In the meson cloud model, the distribution of charm quarks in the nucleon on the light cone at some low hadronic scale is written in convolution form 31 :
where z is the fraction of the nucleon's light-cone momentum carried by the D meson or Λ c . The light cone (or infinite momentum frame) distribution of D mesons in the nucleon is given by:
and can be shown to be related to the light-cone distribution of Λ c baryons, (3) the function g describes the extended nature of the DΛ c N vertex, with the momentum dependence parameterized by
, where the DΛ c center of mass energy squared is given by s DΛc = (k
, and g 0 is the DΛ c N coupling constant at the pole,
We expect g 0 to be similar to the πN N coupling constant.
Because of the large mass of the c quark, one can approximate the c distribution in the D meson 29 and the c distribution in the Λ c by:
which then gives:
The resulting δc and δc distributions are shown in Fig.2 , calculated for an ultraviolet cutoff of Λ ≈ 2.2 GeV, which gives
For a probability of 0.5% one would need a smaller cutoff, Λ ≈ 1.7 GeV. Quite interestingly, the shape of the c quark distributions is similar to that in the intrinsic charm model of Refs. 26, 27 . However, as mentioned above, the model of 26, 27 assumes identical shapes for the non-perturbative c and c distributions, while the meson cloud gives a significantly harder c distribution. It is a very important issue for our understanding of strong interaction dynamics whether or not the charm quark distributions exhibit such an asymmetry.
The role of perturbative QCD at large-x
The precise mechanism whereby the SU(6), spin-flavor symmetry of the parton distributions of the nucleon is broken is a question of fundamental importance in hadronic physics. The SU(6) spin-flavour wave function of a proton, polarized in the +z direction, has the form 32 :
Figure 2: The non-perturbative δc and δc distributions in the meson cloud model 31 (the latter normalized to 1%). Also shown is the light-cone intrinsic charm distribution, δ (IC) c, of Refs. 26, 27 and the modification δu of the valence u distribution from Ref. 30 . The purely perturbative contribution at Q 2 =4 GeV 2 is also shown.
For the neutron to proton structure function ratio this implies:
; SU(6) symmetry.
Of course, SU(6) spin-flavor symmetry is not exact. The nucleon and ∆ masses are split by some 300 MeV and empirically the d quark distribution is softer than the u. The correlation between the mass splitting in the 56 baryons and the large-x behavior of F n 2 /F p 2 was observed some time ago by Close 33 and Carlitz 34 . Based on phenomenological arguments, the breaking of the symmetry in Eq.(6) was argued to arise from a suppression of the "diquark" configurations having S = 1 relative to the S = 0 configuration. Such a suppression is, in fact, quite natural if one observes that whatever mechanism leads to the observed N − ∆ splitting (e.g. color-magnetic force, instanton-induced interaction, pion exchange), necessarily acts to produce a mass splitting between the possible spin states of the spectator pair, (qq) S , with the S = 1 state heavier than the S = 0 state by some 200 MeV 35 . From Eq.(6), a dominant scalar valence diquark component of the proton suggests that in the x → 1 limit F p 2 is essentially given by a single quark distribution (i.e. the u), in which case:
This expectation has, in fact, been built into all phenomenological fits to the parton distribution data. An alternative suggestion, based on perturbative QCD, was originally formulated by Farrar and Jackson 36 . There it was argued that the exchange of longitudinal gluons, which are the only type permitted when the spin projections of the two quarks in (qq) S are aligned, would introduce a factor (1− x)
into the Compton amplitude -in comparison with the exchange of a transverse gluon between quarks with spins anti-aligned. In this approach the relevant component of the proton valence wave function at large x is that associated with states in which the total "diquark" spin projection, S z , is zero. Consequently, scattering from a quark polarized in the opposite direction to the proton polarization is suppressed by a factor (1− x) relative to the helicityaligned configuration.
A similar result is also obtained in the treatment of Brodsky et al.
37
(based on counting-rules), where the large-x behavior of the parton distribution for a quark polarized parallel (∆S z = 1) or antiparallel (∆S z = 0) to the proton helicity is given by: q ↑↓ (x) = (1 − x) 2n−1+∆Sz , where n is the minimum number of non-interacting quarks (equal to 2 for the valence quark distributions). In the x → 1 limit these arguments, based on PQCD, suggest:
Note that the d/u ratio does not vanish in this case. Clearly, if one is to understand the dynamics of the nucleon's quark distributions at large x, it is imperative that the consequences of these models be tested experimentally.
Reanalysis of the experimental data at large-x
Information on the structure functions of the neutron is obtained from the analysis of deep-inelastic scattering data on the deuteron 38, 39 . Amongst the many approaches to this problem we mention the light-front treatment 40, 41 and the relativistic impulse approximation 42, 43 , involving the free nucleon structure function at a shifted value of x or Q 2 44,45 . A more phenomenological 
approach, developed by Frankfurt and Strikman
46 , attempts to derive the nuclear correction in the deuteron by extrapolation from higher A as a function of the "effective density" of the nucleus. The experimental extraction of F n 2 is usually made using either the phenomenological effective density approach or the older, "pre-EMC" theoretical treatments.
Within traditional nuclear physics the natural approach to the structure function of the deuteron is the impulse approximation. This assumes a convolution of the free nucleon structure function, F N 2 , with the non-relativistic momentum distribution f N/D of nucleons in the deuteron, calculated in terms of a non-relativistic wave function of the deuteron and its binding energy. Although the binding energy is very small, the kinetic energy of the recoiling nucleon plays a significant role in forcing the struck nucleon further off-shell than one would usually expect 44 .
In order to assess the theoretical reliability of the non-relativistic impulse approximation one needs to go beyond the usual assumptions made in the convolution approach 48 . In particular, the ingredients necessary for a covariant, relativistic description are a covariant DN N vertex with one of the nucleons (the spectator to the hard collision) on-mass-shell, and an off-shell photonnucleon scattering amplitude ("off-shell nucleon structure function") W , the full structure of which was only recently derived in Ref. 49 . The analysis of Ref. 49 showed that the most general form of the operator W (which is a 4×4 matrix in Dirac space), consistent with the discrete symmetries and gauge invariance, which contributes in the Bjorken limit is:
where the W i are functions of p 2 , q 2 and p · q (q is the virtual photon fourmomentum). Thus, whereas in the free case the nucleon structure function involves the combination:
the deuteron structure function involves:
Clearly then, even in the absence of Fermi motion, one finds that in general
Having established that, in principle, the structure function of the bound nucleon cannot equal the structure function of the free nucleon, the important question is how big the difference actually is in practice. To estimate this, one can construct a simple model 49 of the so-called hand-bag diagram for an off-shell nucleon, in which the N -quark vertex is taken to be either a simple scalar or pseudo-vector, with the parameters adjusted to reproduce the free nucleon structure functions 50 . The result of the fully off-shell calculation from Ref. 58 is shown in Fig.3  (solid curve) , where the ratio of the total deuteron to nucleon structure func- 40 (dotted curve), which has been used in many previous analyses of the deuteron data 52, 38 . The most striking difference between the curves is the fact that the on-shell ratio has a very much smaller trough at x ≈ 0.3, and rises faster above unity (at x ≈ 0.5) than the off-shell curve, which has a deeper trough, at x ≈ 0.6 − 0.7, and rises above unity somewhat later (at x ≈ 0.8).
Clearly, a smaller D/N ratio at large x, as in Refs. 49, 58 , implies a larger neutron structure function in this region. To estimate the size of the effect on the n/p ratio requires one to extract F n 2 , while taking care to eliminate any effects that may arise from the extraction method itself. Melnitchouk and Thomas 55 therefore used exactly the same extraction procedure as used in previous EMC 52 and SLAC 38 data analyses, namely the smearing (or deconvolution) method discussed by Bodek et al. 56 . This method involves the direct use of the proton and deuteron data, without making any assumption concerning F The d/u ratio, shown in Fig.5 , is obtained by inverting F n 2 /F p 2 in the valence quark dominated region. The points extracted using the off-shell formalism (solid circles) are again significantly above those obtained previously with the aid of the on-shell prescription. In particular, they indicate that the d/u ratio may actually approach a finite value in the x → 1 limit, contrary to the expectation of the model of Refs. 33, 34 , in which d/u tends to zero. Although it is a priori not clear at which scale these model predictions should be valid, for the values of Q 2 corresponding to the analyzed data the effects of Q 2 evolution are minimal. Naturally, it would be preferable to extract F n 2 at large x without having to deal with uncertainties in the nuclear effects. In principle this could be achieved by using neutrino and antineutrino beams to measure the u and d distributions in the proton separately, and reconstructing F n 2 from these. Unfortunately, as seen in Fig.5 , the neutrino data do not extend out to very large x (x > 0.6), and at present cannot discriminate between the different methods of analyzing the electron-deuteron data.
The HERA Anomaly
The H1 and ZEUS experiments at HERA have recently produced a small number of events at enormously high Q 2 which have generated tremendous theoretical interest 59, 60 . For Q 2 > 10, 000GeV 2 and x > 0.45 the valence parton distributions are calculated to drop dramatically. The HERA anomaly is essentially the excess of observed "neutral current" (NC) events (i.e., events of the type e + p → e + X) over expectations by roughly an order of magnitude. Many exotic explanations of this excess have already been suggested, indeed, the number of possibilities currently exceeds the number of events. However, before the new physics can be worked out one must be sure that the input parton distributions used to estimate "background" rates are reliable.
One glaring problem with the current treatment of the partonic "background" is that all of the standard distributions used are constructed to satisfy d/u → 0 as x → 1 at low-Q 2 . As we have seen, the recent re-analysis of the deuteron data leads to a d/u ratio which appears to be consistent with the prediction of PQCD that d/u → 1/5 as x → 1. In the light of this result it is not only vital to find alternative, more direct measurements of d/u at large x, but those generating standard sets of parton distributions should at the very least present alternative parameter sets consistent with the new analysis of the deuteron data. Until parameter sets are constructed which are consistent with d/u → 1/5 as x → 1, at Q 2 ∼ 10 GeV 2 , one cannot be sure of the reliability of "background" rate estimates at the extreme values of Q 2 and x being probed at HERA.
The effect of an intrinsic charm component of the sea of the nucleon was recently examined by Gunion and Vogt 26 , with the conclusion that, as calculated on the basis of counting rules, it was too soft to explain the observed anomaly. What one needs, therefore, is a substantially harder distribution which has significantly more strength above x ∼ 0.6 than in Eq.(1). This was precisely what was found in the non-perturbative calculation of Melnitchouk and Thomas 31 -see Fig.2 above.
The calculation of the NC and CC cross sections requires parton distributions for all flavors. For this we use a recent parameterization of global data from the CTEQ Collaboration 62 . Expressions for the differential NC and CC cross sections d 2 σ/dxdQ 2 in the standard model can be found in Refs. 60 and 63 . In Fig.6 we show the ratios of the modified to standard DIS model NC cross sections, with σ ≡ d 2 σ/dxdQ 2 , and σ + δσ represents the cross section calculated with the modified distributions. The result with the modified u distribution 30 , which was rather artificially created to reproduce the HERA anomaly, rises sharply above M ∼ 200 GeV. The effect is rather similar if one includes the non-perturbative δc and δc distributions from the meson cloud model. On the other hand, with the somewhat softer, intrinsic charm distribution of Refs. 26, 27 , the enhancement is rather modest, and less than about 10% over the whole range of M .
We also show the effect of additional contributions to the light flavor distributions (u, u, d and d) which one would obtain from the pion cloud of the nucleon. Although these are considerably larger in magnitude than the δc or δc distributions, because they appear at small x (∼ 0.1) their effect is to yield only a very small enhancement of the cross section ratio. From this figure one can conclude that the only realistic candidates for a significant enhancement of the cross section at large M are the modified valence u distribution from Ref. 30 , and the hard charm distributions in Eq.(5).
For scattering via the CC, the effect of the additional contributions to the parton distributions is shown in Fig.7 boson is not sensitive to the u quark in the proton, the δu modification has no effect on the e + p cross section. In contrast, as noted by Babu et al. 64 , the effect of an additional non-perturbative δc contribution is an even larger enhancement of the CC cross section than the NC cross section. With a 0.5% (1%) intrinsic charm component the CC cross section increases by a factor ∼ 2 (3) for 200 < M < 250 GeV, which is similar to the excess observed by H1 59 in this region.
Spin Dependent Structure Functions
The spin structure functions of the nucleon, g
, are of tremendous interest at present. Experimentally, g 1 is proportional to the difference of DIS cross sections for ep scattering with beam and target helicities aligned and antialigned 61 . Within the parton model it may be written in terms of the parton helicity (loosely "spin") distributions, ∆q(x) = [q ↑ −q ↓ +q ↑ −q ↓ ], with q ↑(↓) the number density of quarks with helicity parallel (anti-parallel) to the helicity of the target proton:
Intense interest in the spin structure functions began in 1988 when EMC announced a large violation of the Ellis-Jaffe sum rule 65 , which relates
2 )dx to the isovector and octet axial-vector coupling constants, g
A and g
A . The failure of this sum rule, which is not a rigorous consequence of QCD, led to questions about the Bjorken sum rule, which relates Γ p − Γ n to g
A /6 (modulo QCD radiative corrections 66 ) and is a strict consequence of QCD. To determine Γ n one must measure g 
As we explain below, exactly the same techniques described in section 5 may be used to test the accuracy of Eq. (14) . While most interest has been focussed on the issue of sum rules, we stress that the shapes of g p 1 (x) and g n 1 (x) contain even more important information. For example, the same arguments that led to different conclusions about the behaviour of d/u as x → 1 also give quite different predictions for g p 1 and g n 1 as x → 1, namely 1/4 and 3/7, respectively. Quite interestingly, while the ratio of the polarized to unpolarized u quark distributions is predicted to be the same in the two models:
the results for the d-quark distribution ratio differ even in sign:
Using the same techniques described earlier for the unpolarized case, Melnitchouk, Piller and Thomas 68 derived the most general, antisymmetric, Dirac tensor operator of twist 2 for an off-mass-shell nucleon (see also 69 ):
Once again, one finds that three functions, G i , can be constructed in terms of scalar and pseudo-scalar vertices. However, in this case there is a new feature, the function G p does not contribute for a free nucleon, whereas it does contribute in a nucleus. The spin-dependent deuteron structure function is given by the trace of G µν with a spin-dependent N D amplitude 68 , which can be evaluated using the relativistic DN N vertex of Ref. 70 . Surprisingly, Fig.8 shows that the ratio of the convolution approximation to the fully off-shell calculation (the dashed curve) is even closer to unity in this case than in the spin-independent case.
The comparison between the solid and dotted curves in Fig.8 shows that Eq.(14) is reliable at the 2% level for x below 0.7. However, the excellent agreement in this region between (14) and the full calculation relies on a knowledge of the deuteron D-state probability. As shown in Ref.
68 , a change of ω D by 2% (e.g. from 4% to 6%) leads to an error of order 10% or more in g n 1 . For x > 0.7, on the other hand, the approximation (14) fails dramatically. This will be extremely important when testing the predictions of PQCD for the x → 1 behavior of the polarized distributions in Eqs. (15)-(17).
Conclusions
As we have seen, there is now overwhelming experimental evidence for a large, non-perturbative component of the non-strange sea of the nucleon. This is almost certainly associated with the pion cloud of the nucleon. A full, quantitative analysis of the relevant data, especially the Drell-Yan data from FNAL, will provide important new insight into the process of dynamical symmetry breaking in QCD.
Having seen the importance of the non-perturbative component of the non-strange sea, it is natural to ask about the strange and even the charm sea. For the former there is, as yet, no evidence for an asymmetry between s and s quarks -although there are limits on how big it could be. On the other hand, in the case of charm there is tremendous interest in a possible non-perturbative component -the intrinsic charm sea. Amongst other things this is important for the interpretation of the anomaly at high invariant mass observed recently at HERA. From the theoretical point of view it is a totally open question whether or not there is an intrinsic charm sea and, if so, whether or not it is asymmetric.
The large-x region of the parton distributions corresponds to the high momentum components of the nucleon wave function. It is a vital question for our understanding of hadron structure just how these high momentum components are generated. We have seen that the most recent analysis of the structure function of the deuteron strongly supports the suggestion that these high momentum components are generated by gluon final state interactions which can be understood in terms of perturbative QCD. As a consequence the valence d/u ratio seems not to vanish as x → 1. This idea needs further testing but certainly has important consequences for event rates at machines like HERA.
Our new understanding of the unpolarized parton distributions at large-x also leads us to new expectations for the polarized distributions -especially for the polarized neutron. The extraction of this information using a bound neutron target requires a sophisticated understanding of off-shell corrections in nuclear deep-inelastic scattering.
Council.
